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Open access under CC BYThe use of intermediate frequency (IF) magnetic ﬁelds (MFs) in occupational equipment and domestic
appliances, such as inductive heating cookers, is increasing. The WHO indicated a lack of scientiﬁc evi-
dence needed to assess the health risk of exposure to IF MFs. Male and female rats (24/group) were
exposed to a 20 kHz, 0.2 mT(rms) or 60 kHz, 0.1 mT(rms) sinusoidal MF for 22 h/day from 14 days prior
to and during mating. Copulated females were exposed until gestation day 7 and sacriﬁced thereafter.
Mated males were sacriﬁced to examine MF exposure effects on spermatogenesis. Reproductive examin-
ations were blinded, and experiments were duplicated per frequency to ensure reproducibility. No statis-
tically signiﬁcant, exposure-related changes were found in the estrous cycle, copulation and fertility
indices, numbers of corpora lutea and implantation sites, or pre- and postimplantation loss. No reproduc-
ible changes were observed in sperm count, motility, or morphological abnormality, or in the weights of
testes and epididymides after MF exposure. No signiﬁcant abnormalities were observed in gross pathol-
ogy or histopathology of the uterus, ovary, testis, and epididymis in the MF- or sham-exposed groups. MF
exposure during the preimplantation period was not toxic to fertility or early embryogenesis under the
experimental conditions.
 2012 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
In 2007, the World Health Organization (WHO) published Envi-
ronmental Health Criteria (EHC) 238 after conducting a risk assess-
ment of magnetic ﬁeld (MF) exposures at frequencies of <100 kHz
(WHO, 2007). The EHC 238 indicated that there was a lack of stud-
ies on primary hazard identiﬁcation and quantitative risk evalua-
tion of intermediate frequency (IF) MFs with frequencies from
300 Hz to 100 kHz (Litvak et al., 2002; WHO, 2007).
A popular source of IF MFs is video display terminals (VDTs)
that emit weak MFs of several 10 lT (peak-to-peak: pp) at the
most, and typically of approximately 20 kHz, in a complex saw-
tooth waveform. Although a few epidemiological studies have sug-
gested an elevated risk of spontaneous abortion (Goldhaber et al.,
1988; Lindbohm et al., 1992), a pooled analysis indicated that there
were no increased risks for miscarriage, birth of children with mal-
formations, or low-body-weight fetuses (Parazzini et al., 1993;
WHO, 1998).
Increased resorption or fetal loss during early pregnancy was
also reported in earlier animal studies on IF MF exposure. Frölenh Institute of Electric Power
y, 1646 Abiko, Abiko, Chiba
mura).
-NC-ND license.et al. (1993) found such changes in CBA/S mice exposed to a
20 kHz, 15 lT(pp) MF in a sawtooth wave form (VDT-like MF) on
postconception days 1–19. Resorption did not occur in pregnant
mice exposed only to MFs after postconception day 7, suggesting
that preimplantation exposure was associated with these resorp-
tions. However, an additional study by the same research group
(Svedenstål and Johanson, 1995) failed to replicate the increased
fetal losses, but reported a signiﬁcant increase in the percentage
of dead fetuses and decreases in the body weight and length of liv-
ing fetuses exposed to MF during the preimplantation period (days
1.0–5.5 postconception). For the most part, subsequent rodent
studies have shown no reproductive or developmental effects as
a result of exposure to weak intensity VDT-MFs (Brent, 1999a,b;
Huuskonen et al., 1998a; Robert, 1999).
Other than VDTs, instruments such as magnetic resonance
imaging machines, induction heaters, and welding machines have
been reported to be the sources of relatively high-intensity IF MF
emissions (Decat et al., 2006; Floderus et al., 2002; Stuchly and
Lecuyer, 1985). Other new sources of IF MFs include inductively
coupled power transmission (IPT or wireless/contactless power
transfer) for industrial material handling machines or home appli-
ances, and commercial and domestic induction heating (IH) cook-
ers or ovens (ICNIRP, 2008).
An IPT system commonly employs a 10–50 kHz MF with a sinu-
soidal waveform to transfer electric power efﬁciently through the
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2009). IH cooking hobs generate vertical, space-varying IF MFs at a
fundamental frequency such as 20 or 60 kHz, and the associated
harmonic frequencies are used together for cooking (Fujita et al.,
2007; Yamazaki et al., 2004). These MFs are emitted from a hob
and are converted to magnetically induced current in a pan that
produces heat for cooking. Given that the location of the hob is
close to the abdomen and reproductive organs of the cook, the po-
tential for reproductive and developmental effects is a concern.
Wehave previously demonstrated thatMFs of up to 1.1 mT(rms),
20 kHz were not associated with teratogenicity in a chick embryo
model (Nishimura et al., 2009). In another previous study in rodents
(Nishimura et al., 2011), we exposed pregnant rats to IF MFs at
20 kHz in 0.2 mT(rms) and at 60 kHz in 0.1 mT(rms) during
organogenesis for teratological evaluation. The present study in rats
was performed in conjunctionwith the rat teratology study to cover
an exposure period from pre-mating to implantation.
The aim of this study was to determine whether exposure to IF
MFs has any toxic effects on fertility and/or early embryonic devel-
opment. In accordance with our rat teratology study, we chose the
same exposure intensity, which was a feasible facility-maximum
strength at the respective frequencies for hazard identiﬁcation:
0.2 mT(rms) at 20 kHz or 0.1 mT(rms) at 60 kHz. The frequencies
of IH cookers that are typically employed are 20 and 60 kHz;
60 kHz is the third harmonic of the 20 kHz frequency and has never
been examined for reproductive and developmental toxicity during
the preimplantation period. The sinusoidal waveform was chosen
because of its clear deﬁnition and simple reproducibility. Experi-
ments were performed in duplicate for each frequency to conﬁrm
the reproducibility of the outcomes. All examinations after nec-
ropsy were conducted in a blind manner by an independent,
GLP-licensed laboratory to ensure quality assurance.2. Materials and methods
2.1. Animal husbandry
The Institutional Animal Experiment Committee of the Environ-
mental Science Research Laboratory, Central Research Institute of
Electric Power Industry, approved all of the animal experimental
procedures of this study in accordance with the Committee’s
guidelines under the Japanese Law Concerning the Protection and
Management of Animals. This study was comprised of 4 indepen-
dent, but identical experiments, 2 with the 20 kHz MF exposure
and 2 with the 60 kHz MF exposure. The same protocol was used
in all experiments, with an exception regarding mating time in 1
experiment that is described in Section 2.4 (Mating procedures
and the post-mating period).
A total of 53 male and 53 female 8-week-old SPF/VAF,
Crl:CD(SD) rats were purchased from Charles River Laboratories Ja-
pan Inc. (Kanagawa, Japan). The rats were quarantined for 1 week
in the barrier system of an experimental animal facility where
the background MFs were extremely low (<0.001 lT(rms) at 20
and 60 kHz, and 0.03 lT(rms) at 50 Hz). Room air was HEPA-ﬁl-
tered, and room temperature and humidity were maintained at
23 ± 2 C and 50 ± 20%, respectively. The light cycle was 12/12 h
(0700–1900 on). The rats were housed in polycarbonate cages
(23 cmW  33 cm D  17 cm H; Tokiwa Kagaku Kikai Co., Ltd., To-
kyo, Japan) and fed with pellets (NMF, 15 kGy irradiated, Oriental
Bioservice, Kyoto, Japan) and water (distilled, autoclaved, 10 ppm
chlorine, adjusted to pH 3 by 1 N HCl) ad libitum. Commercial wood
chips (White ﬂake, 30 kGy irradiated, Charles River Laboratories
Japan Inc.) were used.
On the last day of the quarantine period, the male and
female rats were weighed and randomly assigned to either theMF-exposed (n = 24) or sham-exposed (n = 24) groups. They were
moved to dedicated MF exposure facilities on the morning of the
ﬁrst day of exposure.
2.2. Magnetic ﬁeld exposure facilities
The MF exposure facility was explicitly described in a previous
paper that also included a photograph (Nishimura et al., 2011). A
pair of exposure facilities, one for 20 kHz and another for 60 kHz,
werebuilt in anareawhere thebackground50 HzMFwas extremely
low at <0.02 lT(rms). Both facilities were identical with respect to
appearance, layout, structure, and other room conditions, and were
located 37.4 m apart tominimize stray IFMFs during the exposures.
When the exposure coils were activated to produce the facility-
maximum MFs, the animals in the sham-exposed facility received
less than 0.001 lT(rms) MF at 20 or 60 kHz and 0.03 lT(rms) at
50 Hz. The geomagnetic ﬁeld at the location was about 48.3 lT.
Merritt-type (Merritt et al., 1983), 4 square coils were layered
horizontally to produce extremely uniform, vertical MFs in a large
cubic space (100  100  100 cm) located within the coils. In the
designated exposure space, 3 wooden racks were equipped to
accommodate up to 36 rat cages: 12 on each rack in a 3-row by
4-column layout. The electric currents used to produce the MFs
were maintained within a range of the target values ±0.2% during
exposure. MFs were calibrated before and after experiments based
on 51 spot measurements (17 spots  3 racks) within the exposure
space. The MF variability within the exposure spaces was less than
3% in both coil systems (Yamazaki et al., 2007). Harmonic compo-
nents were negligible, at 1/100–1/1000 of each primary frequency.
The level of ultrasound noise that may have been created by the
vibration of the coils during MF exposure was measured up to
100 kHz with a microphone (UC-29), ampliﬁers (NH-05A, NA-42,
Rion Co., Ltd, Tokyo, Japan), and a handmade brass shielding box
with a clay cap. The signals obtained were analyzed with an FFT
analyzer (R9211A, Advantest Co., Tokyo, Japan). Given that both
the 20 and 60 kHz MF exposures strongly interfered with the mea-
surement instruments, directly measuring the noise levels at these
primary exposure frequencies was not feasible. Although the pos-
sible noise frequencies were theoretically secondary and tertiary
harmonic frequencies, the FFT analysis revealed no speciﬁc peaks
of noise at these frequencies. The recorded background noise level
was very low: 16–29 dB, at 40 kHz under 20 kHz, 0.2 mT(rms) MF
exposure in the animal exposure space.
In addition, the optical wave microphone method (Sonoda,
1996) was applied to measure sound levels during the 20 and
60 kHz MF exposures using a laser beam and photodiode instead
of an electric microphone. A laser (MINI-635-30C40WL, Blue Sky
Research, Milpitas, CA, USA), a photodiode (S5821), an ampliﬁer
(Type 6030, Aco Co., Ltd, Tokyo, Japan), and an FFT analyzer (CF-
7200, Ono Sokki Co., Ltd, Kanagawa, Japan) were used. The sound
levels for both MF exposures were found to be less than 60 dB up
to 100 kHz, which was lower than the background noise levels
due to air conditioning.
Coil vibrations were measured using a laser Doppler-vibration
sensor (PDV 100, Polytech Japan, Kanagawa, Japan). The back-
ground vibrating velocity was 5 lm/s, and the shifts (0.0398–
0.119 nm) and acceleration (0.628–1.884 m/s2) as a result of MF
exposures were negligible. Field-associated heat from the coil bob-
bins was not appreciable. The room temperature was continuously
measured (QFA-2060, Siemens AG, Berlin and Munich, Germany)
and did not change during the MF exposures.
2.3. Exposure and the pre-mating period
In the exposure facilities, female rats were kept in groups of 2
per cage, whereas male rats were housed individually during the
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changed twice a week to homogenize subtle environmental differ-
ences, such as illumination and airﬂow. Animal husbandry in the
MF exposure facilities was the same as that in the experimental
animal facility, except for the following factors: cage lids were
made of polycarbonate, and glass water nozzles and pellet contain-
ers were used instead of metal ones to avoid induced current as a
result of MF exposure.
Female and male rats were exposed to 20 kHz, 0.20 mT(rms) or
60 kHz, 0.10 mT(rms) MFs or sham-exposed for 14 days (pre-mat-
ing period), 22 h/day (11:00–09:00). This exposure regime was ad-
hered to consistently throughout the course of the study. Electric
current in the exposure coils was monitored continuously and re-
corded every 10 min with a data logger (IDSmart, Yamatake Co.,
Tokyo, Japan). Animal care and clinical observations were con-
ducted daily during the unexposed 2 h. Vaginal smears were eval-
uated every morning for determining the stages of estrus, and male
and female body weights were measured twice a week during the
pre-mating period. The estrous cycle was calculated by averaging
the number of interval days between one estrus and the next.
2.4. Mating procedures and the post-mating period
Animals were mated (1 male vs. 1 female) in the evening of
exposure day 15 (the ﬁrst day of mating), with the longest mating
period lasting for 14 days. Once the animals were paired, smearing
and weighing were continued daily until evidence of copulation
was observed or until the mating period was terminated. Gestation
day 0 was deﬁned as the day when sperm was found in the vaginal
smear and/or a plug was found in the cage.
In experiment 1 of the 20 kHz MF exposure, mating was initi-
ated in the morning (during the unexposed 2 h) of the ﬁrst day
of the mating period. This timing of pairing resulted in some fe-
males having an extremely small amount of sperm present in the
vaginal smears the next morning, making the conﬁrmation of cop-
ulation difﬁcult. Consequently, such females (3 in both the MF- and
sham-exposed groups) and the males paired with them had to be
excluded from the fertility and fecundity examinations. To avoid
this problem, the protocol was changed to allow animals to be
paired and mated in the evening by interrupting the exposure for
30–40 min in the remaining 3 experiments.
Paired males were removed upon conﬁrmation of copulation.
Such males were housed in groups of two in the exposure facilities
and euthanized within 3 days of the conﬁrmation of copulation for
male reproductive examinations. Copulated females were housed
individually and remained exposed until the end of gestation day
7. On the morning of gestation day 8, the females were moved to
the experimental animal facility and remained unexposed until
the end of gestation day 13. After 14 days of mating, paired animals
that still lacked evidence of copulation were euthanized and nec-
ropsied. Gross observations were performed and abnormalities
were recorded.
2.5. Fertility and early embryonic development
Copulated females were euthanized at the end of gestation day
13, and the abdominal and thoracic organs were grossly examined.
The uterus and ovaries were excised and weighed, and the number
of corpora lutea in each ovary was recorded. The uterus was
opened and inspected for abnormalities.
Pregnancy was grossly determined by the presence of fetuses or
implantation sites in the uterus. For pregnant females, the fetuses
and placentas were removed and blotted. The number of live fe-
tuses, dead fetuses, and implantation sites was recorded. Infertility
was rigorously conﬁrmed by staining the uteri with 10% ammo-
nium sulfate to identify implantation traces. Uteri were also exam-ined under an illuminated magniﬁer to establish whether complete
or early resorption had occurred. All uteri and ovaries were then
ﬁxed in 10% neutral-buffered formalin. Histopathological examin-
ations were conducted on longitudinal sections of the ovaries
and uterine horns stained with hematoxylin and eosin (H&E) under
a light microscope.
2.6. Male reproductive parameters
All males were euthanized, and testes and epididymis were ex-
cised and weighed. The right epididymis was immersed in 37 C
saline, and the right cauda epididymis was removed, weighed,
and then cut in warmed medium containing 0.5% bovine serum
albumin. The resulting sperm suspension was incubated for
10 min and examined for sperm motility. The residual sperm sus-
pension and right cauda epididymis were homogenized in 0.1% Tri-
ton X-100. The homogenate solution was placed into an IDENT
stain tube (Hamilton, Thorne Bioscience, MA, USA). Sperm was
counted and motility was measured by using a computer-assisted
sperm analyzer (TOX-IVOS, Hamilton, Thorne Bioscience). Addi-
tional sperm samples were prepared on slides using Cytospin 4
(Thermo Fisher Scientiﬁc K.K., Kanagawa, Japan), and then ﬁxed
and stained with 1% eosin-Y. A total of 200 sperms per male were
assessed for abnormalities using light microscopy. Histopatholo-
gical examinations were conducted on transverse sections of testes
and longitudinal sections of left epididymides stained with PAS-
hematoxylin under a light microscope.
2.7. Statistical analyses
Welch’s t test (two-tailed test) was used for the statistical anal-
ysis of data between the MF- and sham-exposed groups, with a le-
vel of signiﬁcance of p < 0.05. The data analyzed included body
weight, estrous cycle, number of corpora lutea, number of implan-
tation sites, number of live and dead fetuses, sperm count, sperm
motility, sperm morphology, organ weight, and ratio of organ to
body weight. The Wilcoxon two-tailed test was used to compare
pre-implantation losses per dam, post-implantation losses per
dam, and the total number of implantation losses per dam between
the groups for a minimum signiﬁcance level of 5%. Fisher’s exact
test was applied to evaluate group differences in mortality, clinical
ﬁndings, copulation index, fertility/fecundity index, gross patho-
logical ﬁndings, and histopathological ﬁndings. Differences be-
tween groups were considered signiﬁcant if p < 0.05 (one-tailed
test). These statistical analyses were performed using the SAS
(SAS Institute Inc., Cary, NC, USA) and EXSUS (Arm Co., Ltd., Osaka,
Japan) programs.3. Results
3.1. Maternal toxicity
No female deaths occurred during the study and clinical obser-
vations did not show any signiﬁcant ﬁndings. No statistically sig-
niﬁcant differences were found in female body weight between
the MF- and sham-exposed groups during the pre-mating period,
except for a decrease observed in the MF-exposed group on day
12 of experiment 1 of the 60 kHz MF exposure (Table 1). Body
weight gain also showed a signiﬁcant decrease in the MF-exposed
group between pre-mating days 1–12. No other signiﬁcant changes
were found in the body weight gain of females during the pre-mat-
ing period.
A temporary decrease in body weight gain was also observed in
females in the MF-exposed group at gestation days 4, 7, and 11 in
experiment 1 of the 60 kHz MF exposure. However, statistically
Table 1
Body weight change during pre-mating period of female rats exposed to intermediate frequency magnetic ﬁelds.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined animals 24 24 24 24 24 24 24 24
Day of exposure 1b 207 ± 5 207 ± 8 219 ± 9 222 ± 8 213 ± 8 212 ± 8 219 ± 7 216 ± 6
5 215 ± 6 214 ± 9 226 ± 8 229 ± 8 223 ± 10 221 ± 8 226 ± 8 226 ± 7
8 223 ± 6 224 ± 6 235 ± 8 237 ± 9 232 ± 9 228 ± 8 234 ± 9 234 ± 9
12 229 ± 7 231 ± 8 244 ± 10 245 ± 10 242 ± 12 235 ± 10c 243 ± 11 243 ± 10
Weight gain
Days: 1–12 22 ± 6 25 ± 6 25 ± 8 23 ± 7 29 ± 9 23 ± 6c 25 ± 7 27 ± 7
All values represent group means ± SD (g).
a MF, magnetic ﬁeld.
b Fourteen days before mating.
c Signiﬁcantly different from concurrent sham-exposed group (p < 0.05).
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body weight gain of pregnant females did not signiﬁcantly differ
between the groups during either the MF-exposure period (gesta-
tions days 0–7) or the non-exposure period (gestation days 8–13)
in all of the experiments.
The weights of ovaries and uteri are shown in Table 3. In most of
the experiments, the ovary and uterus weights did not statistically
differ between the groups. Signiﬁcant decreases in ovary weight
and its ratio to body weight were only observed in experiment 2
of the 20 kHz exposure. Although ovary weight tended to decrease
across the MF-exposed groups, lighter ovaries were not associated
with adverse reproductive effects such as infertility or high
implantation loss (as mentioned below) on an individual dam ba-
sis. At necropsy, no gross lesions were noted in any of the females
in the experimental groups. The histopathological examinations of
ovaries and uteri were unremarkable for all of the groups.
3.2. Estrous cycle and copulation
The reproductive performance of the females is shown in Ta-
ble 4. Estrous cycle length was found to be stable, ranging from
4.0 to 4.3 days for all groups. The standard deviation for the
sham-exposed group in experiment 2 of the 60 kHz MF exposure
was relatively large because 1 female remained in diestrus until
the last 2 days of the pre-mating period, which made the estrous
cycle count 0. The female then experienced normal estrous cycling
and copulated during the ﬁrst estrus phase of the mating period.
As mentioned in Section 2, 3 females in both the MF- and sham-
exposed groups in experiment 1 of the 20 kHz exposure were ex-
cluded from the reproductive performance evaluations after mat-
ing, reducing the number of animals used for evaluation to 21 in
both groups (Table 4). ICH guideline S5 (R2) (1993) stated that
‘‘There is little scientiﬁc basis to specify group size. However, by
educated guesses suggestive group size for rodent is 16 at the
least; and above 20–24 litters per group, consistency between
study results and its precision is not greatly enhanced’’. Therefore,
based on this guideline, this experiment was still sufﬁciently valid
given that it included 21 females per group.
All of the pairs in this study except for 4, copulated within the
ﬁrst estrous cycle during the mating period. The copulation index
was 100% across all groups (Table 4). At least 20 copulated females
per group were pregnant in this study, resulting in the fertility in-
dex ranging between 83.3% (20/24) and 100.0% (24/24), with group
differences found to be statistically insigniﬁcant (Table 4).
3.3. Maternal reproductive performance and prenatal mortality
Table 5 summarizes the maternal reproductive performance
and prenatal mortality data. The number of corpora lutea and im-plants per dam did not show any statistically signiﬁcant differ-
ences between the MF- and sham-exposed groups. Moreover,
preimplantation loss in the MF-exposed groups did not differ sig-
niﬁcantly from the sham-exposed groups.
The numbers of live and dead embryos per litter are also shown
in Table 5. No statistically signiﬁcant difference was found be-
tween the MF- and sham-exposed groups in any of the experi-
ments, with the numbers ranging from 12.4 to 14.6 and 0.5 to
1.7, for live and dead embryos, respectively. Postimplantation loss
per dam was found to be lower than preimplantation loss per dam.
In the sham-exposed group in experiment 1 of the 20 kHz MF
exposure, postimplantation loss was found to be high, with a rela-
tively large standard deviation. This was a result of over 60% of em-
bryos being found dead in 2 out of the 20 litters. Total (pre- and
post-) implantation loss per damwas calculated as footnoted in Ta-
ble 5. No signiﬁcant group differences were observed across the
experiments.3.4. Paternal toxicity
No male deaths occurred during the study and clinical observa-
tions did not indicate any signiﬁcant ﬁndings. No statistically sig-
niﬁcant differences were found in male body weight during the
pre-mating period between the MF- and sham-exposed groups
(Table 6). Testis and epididymis weights are shown in Table 7.
As mentioned in Section 2.4 of the Materials and methods, 3
pairs in both the MF- and sham-exposed groups in experiment 1
of the 20 kHz exposure were excluded from the reproductive per-
formance evaluations after mating, resulting in 21 males being
examined in the experiment. Testis and epididymis weights and
their ratio to body weight did not differ between the MF- and
sham-exposed groups for all of the experiments (Table 7).
With regard to gross pathology, unilateral kidney cysts and
unilateral epididymis nodules were observed in some animals.
The incidence of such observations was low throughout the
experiments, and none of the ﬁndings in the MF-exposed group
were statistically signiﬁcant when compared with the sham-ex-
posed group. Observations that were noted occasionally during
the histopathological examination of the testis included degener-
ation of the seminiferous tubule, decreased spermatogenesis,
edema of the interstitium, and multinucleated giant cell forma-
tion; ﬁndings in the epididymis included spermatic granuloma
and decreased number of sperm. The degree of these ﬁndings
was slight or moderate. Multinucleated giant cell formation in
the testis and spermatic granuloma in the epididymis have been
historically reported to occur in young Crl:CD(SD) rats (Noto
et al., 1999; Tsunenari et al., 2000). The incidence of such ﬁnd-
ings in the MF-exposed groups did not differ signiﬁcantly com-
pared with the sham-exposed groups.
Table 2
Body weight change during pregnancy of rats exposed to intermediate frequency magnetic ﬁelds.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined dams 20 20 20 23 22 21 24 22
Day of gestation 0 241 ± 10 243 ± 11 259 ± 10 257 ± 14 255 ± 13 248 ± 9 258 ± 11 258 ± 10
4 265 ± 9 267 ± 11 284 ± 11 282 ± 14 276 ± 15 268 ± 9b 281 ± 14 281 ± 12
7 277 ± 8 279 ± 13 296 ± 12 295 ± 15 288 ± 16 279 ± 10b 292 ± 17 294 ± 13
9 282 ± 8 285 ± 12 303 ± 12 300 ± 13 293 ± 15 286 ± 12 299 ± 18 300 ± 12
11 294 ± 9 296 ± 13 318 ± 14 314 ± 15 306 ± 14 297 ± 13b 312 ± 21 313 ± 13
13 306 ± 10 310 ± 13 330 ± 14 326 ± 16 316 ± 16 307 ± 14 325 ± 23 325 ± 13
Weight gain
Exposure period: days 0–7 36 ± 7 35 ± 5 38 ± 5 38 ± 6 33 ± 6 31 ± 7 33 ± 9 36 ± 5
Non-exposure period: days 8–13 29 ± 6 31 ± 5 33 ± 5 31 ± 6 28 ± 5 29 ± 5 33 ± 9 32 ± 5
All values represent group means ± SD (g).
a MF, magnetic ﬁeld.
b Signiﬁcantly different from concurrent sham-exposed group (p < 0.05).
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of the 60 kHz exposure was found to have malignant lymphoma.
The body weight of the male increased normally until pre-mating
day 8, and then began to decrease until necropsy on mating day
3. The male exhibited solid matter in the abdomen by palpation
during the mating period. Gross pathology indicated swellings in
the spleen, liver, pancreatic lymph node, and bilateral adrenal
gland. White foci in the liver and hydroperitoneum in the abdom-
inal cavity were also evident. Histopathological examination re-
vealed lymphocyte metastasis in the spleen, liver, and pancreatic
lymph node, as well as hypertrophy in the adrenal glands.
Although the reproductive organs (testes and epididymides) of
the male showed no gross lesions or histopathological abnormali-
ties, and reproductive parameters (sperm count, motility, and mor-
phology) were found to be normal, the paired female was infertile.
Crl:CD(SD) rats occasionally develop malignant lymphoma late
in life (Charles River Laboratories, 2001), although a rare case of
lymphoma at 19 weeks of age was reported (Matsushima et al.,
2010). Given that our independent 14- and 90-day toxicity studies
with the same rat strain at the same MF exposures did not show
any incidence of lymphoma (unpublished data), this isolated inci-
dent was considered to be spontaneous and statistically not related
to MF exposure.
3.5. Paternal reproductive parameters
Table 8 summarizes the sperm count, motility, and anomaly
data. The 3 sets of experiments performed did not show any statis-
tically signiﬁcant differences in these parameters between the MF-
and sham-exposed groups. Signiﬁcant decreases in sperm count
per epididymis and sperm count per gram epididymis were ob-
served in experiment 1 of the 60 kHz MF exposure. However, males
with low sperm counts were not associated with infertility or pre-
implantation loss in paired females on an individual dam basis.
Sperm motility was high at around 80% in most of the groups,
with no signiﬁcant group differences observed in all of the exper-
iments (Table 8). An increase in morphological abnormalities was
found in the MF-exposed group in experiment 2 of the 20 kHz
exposure. However, the incidence of morphological abnormalities
was very low (1.7%), with a relatively large standard deviation.
No other signiﬁcant changes were observed in the sperm parame-
ters of the MF-exposed groups. Overall, no reproducible group dif-
ferences were evident.
4. Discussion
Given that IF MFs are widely used in commercial and domestic
appliances such as IH cookers, and that biological studies on IF MFsare sparse, we conducted a reproductive and developmental toxic-
ity study on IF MF exposure in rats. A total of 24 male and 24 fe-
male rats were exposed to either 20 kHz, 0.2 mT(rms) or 60 kHz,
0.1 mT(rms) sinusoidal MFs during the pre-mating, mating, and
preimplantation periods. Experiments were conducted in dupli-
cate, and evaluations on fertility and early embryonic development
were performed in a blind manner. No reproducible signiﬁcant dif-
ferences were found between the sham- and MF-exposed groups.
The data obtained demonstrate that the exposure of rats to IF
MFs at either frequency did not result in reproductive toxicity.
No previous study has exposed both sexes to 20 kHz, and particu-
larly 60 kHz, MFs from the pre-mating period, throughout mating,
and until implantation.
Wiley et al. (1992) exposed CD-1 mice to intense (up to
0.2 mT(pp)) 20 kHz, sawtooth MFs from gestation days 1–18 and
obtained negative results for the reproductive and teratological
endpoints examined, including number of implantations, fetal
death or early loss, gross external, visceral and skeletal malforma-
tions, and fetal weight. Another research group (Juutilainen et al.,
1997; Huuskonen et al., 1998a,b) exposed CBA/Ca and CBA/S mice
to 20 kHz, 15 lT(pp), sawtooth MFs from gestation days 0–18; the
latter strain had shown fetal loss in a study by Frölen et al. (1993).
However, no statistically signiﬁcant differences in maternal
weight, number of corpora lutea, implantations, resorptions, or
number of dead and live fetuses were observed after exposure in
both strains of mice. Together, these mice data indicate the lack
of reproducibility of the previous positive ﬁndings, particularly
the increased resorption or early fetal loss (Frölen et al., 1993; Sve-
denstål and Johanson, 1995) that were suggested to be associated
with the preimplantation exposure of pregnant mice.
With regards to studies conducted in rats, Huuskonen et al.
(1993) exposed Han/Wistar rats to 20 kHz, 15 lT(pp) sawtooth
MFs from gestation days 0–20. This study showed an increased
number of skeletal variants and decreased ossiﬁcation in ex-
posed fetuses, although the number of implantations, resorp-
tion, and pre- and post-implantation loss remained unaffected.
Stuchly et al. (1988) exposed SD female rats to 18 kHz, saw-
tooth MFs up to 66 lT(pp), 7 h/day, from 2 weeks prior to mat-
ing and throughout pregnancy. Their results showed no
inﬂuence of IF MF exposure on either resorptions or the number
of live fetuses.
Dawson et al. (1998) exposed male and female Wistar rats to
very intense and graduated 0.095–0.95 mT, 10 kHz, sinusoidal
(IPT-like) MFs and reported no adverse reproductive effects across
3 experiments. This reproductive study involved the most robust
exposure of IF MFs to date. The 3 experiments involved the expo-
sure of paternal rats for 45 days prior to mating, and of maternal
rats for 1 month prior to mating and during gestation. The
Table 3
Body weight and reproductive organ weight of pregnant rats exposed to intermediate frequency magnetic ﬁeld.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined dams 20 20 20 23 22 21 24 22
Body weight (g)b 306 ± 10 310 ± 13 330 ± 14 326 ± 16 316 ± 16 307 ± 14 325 ± 23 325 ± 13
Ovaries (mg) 104.7 ± 14.4 102.8 ± 16.8 114.7 ± 12.1 103.0 ± 7.6d 103.9 ± 17.6 98.6 ± 14.8 103.3 ± 18.5 98.4 ± 11.6
Ovaries (%)c 0.0343 ± 0.0046 0.0332 ± 0.0054 0.0348 ± 0.0031 0.0316 ± 0.0024d 0.0329 ± 0.0052 0.0321 ± 0.0042 0.0317 ± 0.0050 0.0303 ± 0.0035
Uterus (mg) 7615 ± 2128 7849 ± 1395 8464 ± 867 8368 ± 974 8092 ± 1336 7881 ± 844 7849 ± 1959 7896 ± 1597
Uterus (%)c 2.490 ± 0.684 2.538 ± 0.458 2.565 ± 0.216 2.575 ± 0.313 2.558 ± 0.378 2.567 ± 0.246 2.393 ± 0.563 2.425 ± 0.469
All values represent group means ± SD.
a MF, magnetic ﬁeld.
b Weight at necropsy: gestation day 13.
c Relative weight to body weight.
d Signiﬁcantly different from concurrent sham-exposed group (p < 0.01).
Table 5
Corpora lutae, implant, and implantation loss of rat dam exposed to intermediate frequency magnetic ﬁeld.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined dams 20 20 20 23 22 21 24 22
Corpora lutea per dam 18.2 ± 3.2 18.5 ± 3.6 18.8 ± 2.0 18.1 ± 3.1 18.9 ± 4.1 17.1 ± 2.4 18.8 ± 3.9 18.3 ± 3.3
Implants per dam 14.1 ± 2.4 14.3 ± 1.5 15.8 ± 1.6 15.4 ± 1.4 15.5 ± 2.6 14.7 ± 1.3 14.8 ± 3.4 15.1 ± 2.9
Preimplantation losses per dam (%)b 20.9 ± 17.4 20.7 ± 13.3 15.6 ± 8.5 13.5 ± 10.0 16.4 ± 10.6 13.3 ± 6.3 21.3 ± 17.5 16.6 ± 17.3
Live embryos per litter 12.4 ± 3.8 13.5 ± 2.2 15.0 ± 1.8 14.4 ± 1.6 14.6 ± 2.8 14.2 ± 1.5 14.0 ± 3.7 14.4 ± 3.1
Dead embryos per litter 1.7 ± 3.0 0.8 ± 1.2 0.8 ± 1.1 1.0 ± 0.8 0.9 ± 1.3 0.5 ± 0.6 0.8 ± 0.9 0.7 ± 0.9
Postimplantation losses per dam (%)c 13.3 ± 21.7 6.0 ± 9.6 5.1 ± 6.6 6.7 ± 5.3 5.9 ± 8.6 3.6 ± 4.1 8.6 ± 20.2 4.6 ± 6.9
Total implantation losses per dam (%)d 30.3 ± 23.8 25.3 ± 15.4 19.9 ± 9.4 19.2 ± 11.0 21.0 ± 14.1 16.4 ± 7.2 25.6 ± 20.8 20.6 ± 17.5
All values represent group means ± SD.
a MF, magnetic ﬁeld.
b ((No. of corpora lutea  No. of implants)/No. of corpora lutea)  100.
c ((No. of implants  No. of live embryos)/No. of implants)  100.
d ((No. of corpora lutea  No. of live embryos)/No. of corpora lutea)  100.
Table 4
Estrous cycle, copulation index, and fertility index of female rats exposed to intermediate frequency magnetic ﬁelds.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined animals 24 24 24 24 24 24 24 24
Estrous cycle (day)b 4.3 ± 0.4 4.1 ± 0.3 4.1 ± 0.4 4.1 ± 0.3 4.3 ± 0.4 4.2 ± 0.3 4.0 ± 0.9 4.1 ± 0.3
No. of females copulated/No. of females used 21/21 21/21 24/24 24/24 24/24 24/24 24/24 24/24
Copulation index (%)c 100 100 100 100 100 100 100 100
No. of pregnant females/No. of females copulated 20/21 20/21 20/24 23/24 22/24 21/24 24/24 22/24
Fertility index (%)d 95.2 95.2 83.3 95.8 91.7 87.5 100 91.7
a MF, magnetic ﬁeld.
b Average interval days between estrus phases: group mean ± SD.
c (No. of females copulated/No. of females used)  100.
d (No. of pregnant females/No. of females copulated)  100.
I. Nishimura et al. / Regulatory Toxicology and Pharmacology 64 (2012) 394–401 399exposure phases covered spermatogenesis, the maturation of the
ovum and ovulation, implantation, as well as fetal organogenesis
and development until shortly before parturition. Notably, only
our present study and the experiments carried out by Dawson
et al. have included paternal exposure to IF MFs, and no quantita-
tive or qualitative effects on spermatogenesis were observed in
either study.
An exposure phase included in our study, but that was lacking
in the study by Dawson et al., was exposure during the mating of
both sexes. Given that our protocol was designed on the basis of
the ICH guideline S5(R2) (1993), we obtained data on reproductive
function, such as indices of copulation and fertility, and days offertility. Taken together, neither of these rat studies indicated
any adverse effects of IF MF exposure above 0.1 mT during the pre-
implantation period on reproductive and developmental
endpoints.
In conclusion, exposure to 20 kHz, 0.2 mT(rms) or 60 kHz,
0.1 mT(rms) sinusoidal MFs during the rat preimplantation period
showed no reproducible, reproductive and developmental toxicity
under the present experimental conditions. No MF frequency-spe-
ciﬁc response was observed for any of the endpoints. Therefore, to-
gether with our previous data showing a lack of teratogenicity after
the same IF MF exposure during gestation days 7–17 in pregnant
Crl:CD(SD) rats (Nishimura et al., 2011), the results do not support
Table 6
Body weight change during pre-mating period of male rats exposed to intermediate frequency magnetic ﬁelds.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined animals 24 24 24 24 24 24 24 24
Day of exposure 1b 346 ± 12 345 ± 14 338 ± 12 341 ± 12 323 ± 11 322 ± 12 326 ± 10 325 ± 13
5 368 ± 14 367 ± 15 363 ± 16 364 ± 13 347 ± 14 344 ± 16 351 ± 13 348 ± 15
8 383 ± 16 381 ± 14 377 ± 19 380 ± 17 365 ± 15 361 ± 20 370 ± 17 368 ± 17
12 402 ± 17 400 ± 17 396 ± 20 399 ± 17 388 ± 17 382 ± 23 390 ± 18 389 ± 19
Day of copulation 414 ± 22c 410 ± 21c 413 ± 23 415 ± 21 402 ± 20 394 ± 30 402 ± 19 407 ± 22
Weight gain
Days: 1–12 56 ± 11 56 ± 13 59 ± 12 58 ± 10 64 ± 10 59 ± 16 64 ± 12 65 ± 24
All values represent group means ± SD (g).
a MF, magnetic ﬁeld.
b Fourteen days before mating.
c Males were excluded that coupulation was hardly conﬁrmed due to extremely small numbers of sperm present in paired females’ vaginal smear.
Table 7
Body weight and reproductive organ weight of mated male rats exposed to intermediate frequency magnetic ﬁeld.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined animals 21b 21b 24 24 24 24 24 24
Body weight (g)c 417 ± 23 414 ± 19 414 ± 23 416 ± 23 403 ± 20 394 ± 30 403 ± 20 407 ± 22
Testes (g) 3.20 ± 0.22 3.14 ± 0.30 3.19 ± 0.24 3.21 ± 0.32 3.14 ± 0.29 3.06 ± 0.25 3.04 ± 0.29 3.10 ± 0.33
Testes (%)d 0.769 ± 0.064 0.762 ± 0.086 0.772 ± 0.075 0.774 ± 0.071 0.781 ± 0.073 0.778 ± 0.046 0.755 ± 0.082 0.762 ± 0.086
Epididymides (mg) 978 ± 80 980 ± 82 946 ± 88 953 ± 77 904 ± 82 888 ± 76 892 ± 111 897 ± 95
Epididymides (%)d 0.235 ± 0.022 0.237 ± 0.023 0.229 ± 0.024 0.230 ± 0.018 0.225 ± 0.024 0.226 ± 0.019 0.222 ± 0.030 0.221 ± 0.028
All values represent group means ± SD.
a MF, magnetic ﬁeld.
b Males were excluded that coupulation was hardly conﬁrmed due to extremely small numbers of sperm present in paired females’ vaginal smear.
c Weight at necropsy: gestation day 13.
d Relative weight to body weight.
Table 8
Sperm count, sperm motility, and abnormal sperm of mated male rats exposed to intermediate frequency magnetic ﬁelds.
20 kHz, 0.2 mT(rms) Magnetic ﬁeld 60 kHz, 0.1 mT(rms) Magnetic ﬁeld
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Sham-exposed MFa-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed Sham-exposed MF-exposed
Examined animals 21b 21b 24 24 24 24 24 24
Sperm count (106/cauda epididymis) 70 ± 30 77 ± 34 72 ± 28 68 ± 25 67 ± 28 50 ± 23e 54 ± 25 52 ± 24
Sperm count (106/g cauda epididymis) 387 ± 135 418 ± 169 397 ± 159 363 ± 106 458 ± 195 349 ± 150e 389 ± 172 380 ± 145
Sperm motility (%)c 80.2 ± 9.4 78.7 ± 18.6 80.3 ± 8.9 79.4 ± 6.4 77.8 ± 11.8 74.7 ± 15.0 82.8 ± 10.6 81.9 ± 9.2
Abnormal sperm (%)d 1.7 ± 1.3 2.0 ± 1.4 1.0 ± 1.0 1.7 ± 1.3e 0.6 ± 0.5 0.7 ± 0.6 0.5 ± 0.5 0.6 ± 0.5
All values represent group means ± SD.
a MF, magnetic ﬁeld.
b Males were excluded that coupulation was hardly conﬁrmed due to extremely small numbers of sperm present in paired females’ vaginal smear.
c (Motile sperm/Total sperm counted)  100.
d Two hundreds sperms per male was examined.
e Signiﬁcantly different from concurrent sham-exposed group (p < 0.05).
400 I. Nishimura et al. / Regulatory Toxicology and Pharmacology 64 (2012) 394–401the hypothesis that IF MF exposure carries a signiﬁcant risk to
mammalian reproductive and developmental functions. This male
and female rat study, together with other reported rat and mouse
studies of IF MF exposure during the pre-mating period, preim-
plantation development, or organogenesis suggest the possibility
of extending the negative reproductive and developmental toxicity
of IF MFs to an intensity of up to 0.2 mT and a frequency range of
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